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Magnetic and structural properties of (Ga,Mn)As/(Al,Ga,Mn)As bilayer films
M. Wang, A. W. Rushforth, A. T. Hindmarch,a) R. P. Campion, K. W. Edmonds,
C. R. Staddon, C. T. Foxon, and B. L. Gallagherb)
School of Physics and Astronomy, University of Nottingham, Nottingham NG7 2RD, United Kingdom
(Received 5 February 2013; accepted 28 February 2013; published online 18 March 2013)
We investigate the dependence of the magnetic and structural properties of (Ga,Mn)As/
(Al,Ga,Mn)As bilayer films on the stoichiometry of the interface region. For films incorporating a
thin As-deficient layer at the interface, the out-diffusion of interstitial Mn from the bottom layer is
strongly suppressed, resulting in a large difference in TC and magnetic anisotropy between the two
layers. X-ray reflectivity measurements show that the suppression of interstitial diffusion is
correlated with an increased interface roughness. When the As-deficient interface layer is thicker
than 2.5 nm, the in-plane uniaxial magnetic easy axis rotates from the [1-10] to the [110]
crystalline axis.VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4795444]
The dilute magnetic semiconductor (Ga,Mn)As has been
the subject of intense research in the field of spintronics.1
Many of the attractive properties of (Ga,Mn)As arise from the
high sensitivity of the magnetic anisotropy and the Curie tem-
perature (TC) to variations in the alloy concentration
1–9 or to
the application of electric fields10,11 or mechanical strain.12–15
The sensitivity of the magnetic properties to the alloy compo-
sition opens up the possibility to grow heterostructures by mo-
lecular beam epitaxy (MBE) where different layers can have a
different magnetic anisotropy and/or TC. Such structures are
useful for investigating phenomena such as tunnelling magne-
toresistance (TMR),16 tunnelling anisotropic magnetoresist-
ance (TAMR),17,18 and spin transfer torque (STT).19
A well established method to enhance the TC of
(Ga,Mn)As is to anneal, post growth, at temperatures below the
growth temperature.20,21 This allows interstitial Mn ions (MnI)
to be removed from the lattice by diffusion of the ions to the sur-
face where they are passivated. The MnI, which forms naturally
during the MBE growth of the (Ga,Mn)As layers, act to com-
pensate the charge carriers (holes) that mediate the ferromag-
netic interaction and the magnetic moments of the substitutional
Mn ions. Hence, removal of the MnI leads to an increase of TC.
The application of this technique to heterostructures requires
that the interstitial Mn migrate from the buried layers through
any subsequent layers in order to reach the surface of the struc-
ture. It was previously shown that both GaAs capping layers22
and GaAs spacers in trilayer structures23 inhibit the removal of
interstitial Mn, while passivation is enhanced in thin (Ga,Mn)As
layers capped with As.24 The ability to independently remove
the interstitial Mn from specific layers in a heterostructure
would increase the range of possible layer combinations with
desired magnetic properties that could be grown.
In this study, we investigate the out-diffusion of MnI in
(Al,Ga,Mn)As films which are capped by a thin layer of
(Ga,Mn)As. Although (Al,Ga)As is widely used in semicon-
ductor technologies, its magnetic counterpart (Al,Ga,Mn)As
has received little attention. It has been shown that the TC
decreases with increasing concentration of Al.3,25 Furthermore,
ion channeling measurements indicated that the fraction of Mn
occupying interstitial sites is increased in (Al,Ga,Mn)As com-
pared to (Ga,Mn)As with similar total Mn concentrations.3
Here we show that in the bilayer films, the annealing effect on
the (Al,Ga,Mn)As is strongly sensitive to the detailed growth
conditions in the region near the interface with the (Ga,Mn)As.
In particular, we observe that a deficiency of As in this region
leads to a strong suppression of MnI out-diffusion.
The structures investigated consist of 7 nm–10nm
(Ga0.94Mn0.06)As grown on 20 nm (Al0.3Ga0.66Mn0.04)As. The
layers were grown by MBE on semi-insulating GaAs(001)
substrates with a low temperature GaAs buffer layer. The
transition from the (Al0.3Ga0.66Mn0.04)As layer to the
(Ga0.94Mn0.06)As layer was made by shutting off the Al flux
while keeping the Ga and Mn fluxes constant. Hence, the nomi-
nal Mn percentage increases from 4% to 6%. To maintain the
correct III-V stoichiometry the As pressure must also be reduced.
Since the As pressure responds slowly over a period of several
seconds to a reduction in the setting of the As valve, the As valve
was reduced shortly before shutting off the Al flux to ensure the
correct stoichiometry in the interface region. Reducing the As
valve earlier resulted in a region of the (Al0.3Ga0.66Mn0.04)As
layer, of order a few nm thickness, that was deficient in As. We
define the parameter d as the distance below the interface at
which the As valve was reduced, and the value can be calculated
by multiplying the growth rate by the length of time since the As
flux started to reduce until the Al flux was shut off. A range of
structures for which d was varied from 3nm to 3nm have
been investigated (the negative value indicates that the As valve
was reduced after the Al flux was shut off, resulting in an excess
As flux during the initial growth of the (Ga,Mn)As layer).
The samples were characterized by measuring the mag-
netic properties along different crystal directions using a quan-
tum design superconducting quantum interference device
(SQUID) magnetometer. Figs. 1(a) and 1(b) show the projec-
tion of the temperature dependent remnant moment, measured
after cooling in a saturating field of 1000Oe, for two control
samples consisting of 25 nm (Al0.3Ga0.64Mn0.06)As and 7 nm
(Ga0.94Mn0.06)As, respectively, grown on GaAs(001) sub-
strates with (Al,Ga)As buffer layers. The samples were meas-
ured as-grown and after annealing in air at 180 C for 48h. For
a)Present address: Centre for Materials Physics, University of Durham,
Durham DH1 3LE, United Kingdom.
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both samples the low temperature annealing results in an
increase of TC and a modification of the magnetic anisotropy.
For the (Al0.3Ga0.64Mn0.06)As sample, the easy axis points out
of the plane for the as-grown sample, possibly due to a strong
localization of carriers due to the addition of Al.3 After anneal-
ing the easy axis points in the plane, predominantly along the
[1–10] direction over most of the temperature range. For the
(Ga0.94Mn0.06)As sample, the magnetic anisotropy is in-plane.
26
It consists of a cubic component favoring easy axes along the
[100] and [010] directions and a uniaxial component favoring
the [1–10] direction. In common with most studied (Ga,Mn)As
layers,26,27 a spin reorientation transition is observed in the
as-grown layer, with the cubic anisotropy dominating at low
temperatures and the uniaxial anisotropy dominating at higher
temperatures. After annealing the uniaxial anisotropy dominates
over the whole temperature range.
Fig. 2(a) shows the projection of the temperature depend-
ent remnant moment measured for a bilayer sample S1 with
d¼ 3 nm. In the as-grown state there is a significant moment
in the out of plane [001] direction at the lowest temperature.
This component disappears above 5K. There is also a compo-
nent of the magnetization along the [110] direction that per-
sists up to 49K. After annealing (Fig. 2(c)) the component of
the magnetization along the [001] direction remains, gets
stronger in magnitude, and persists up to 17K. The compo-
nent of the magnetization along the [110] persists up to 96K.
By comparing to the data for the control samples (Fig. 1), we
attribute the low temperature magnetization component along
the [001] direction to the bottom (Al0.3Ga0.66Mn0.04)As layer
and the in-plane magnetization component to the top
(Ga0.94Mn0.06)As layer. The effects of annealing are signifi-
cantly suppressed for the bottom (Al0.3Ga0.66Mn0.04)As layer,
when compared to the control sample. This interpretation is
confirmed by the etching study described below.
To further investigate the effects of annealing on each
layer, magnetometry measurements have been performed after
FIG. 1. Projection of the temperature dependent remnant moment measured
after cooling in a field of 1000Oe for (a) a 25 nm Al0.3Ga0.64Mn0.06As con-
trol sample and (b) a 7 nm Ga0.94Mn0.06As control sample. Measurements
were made along the [1–10] and [110] directions, and also the [001] direc-
tion for the Al0.3Ga0.64Mn0.06As sample in the as-grown (solid symbols) and
annealed (open symbols) states, respectively.
FIG. 2. Projection of the temperature de-
pendent remnant moment after 1000Oe
field cool for bilayer samples S1
(d¼ 3 nm) and S2 (d¼ 1 nm) in the
(a),(b) as grown state and (c),(d) after
annealing, respectively. d is the thick-
ness of the As-deficient interface region.
Inset on the top left: The schematic of
sample structure.
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etching the top surface and annealing the sample again. The
etchant is 30% HCl, which is known to remove the top 1 nm
of oxidized material after 30 s etching.28 The sample was
annealed at 180 C for 10–15 h each time after etching. Fig. 3
shows that the effect of successive etching and annealing steps
is to reduce the moment and TC associated with the component
of the magnetization along the [110] direction. This confirms
that this component is from the top (Ga0.94Mn0.06)As layer. The
reduction of TC observed on thinning the (Ga,Mn)As layer is
consistent with previous observations.29 It is striking that the
component of the magnetization along the [001] direction
remains unaltered by the successive etching and annealing
treatments. This remains the case until 6 etching and annealing
steps have been performed, and the magnetization along the
[110] direction has almost vanished (Fig. 3(c)). Upon subse-
quent annealing treatments the magnetization component along
the [001] direction reduces, and a component along the [1–10]
direction emerges with an increased TC (Fig. 3(d)). This final
trend is similar to that observed upon annealing the
(Al0.3Ga0.64Mn0.06)As control sample. From these observations
it can be concluded that the diffusion of interstitial Mn from the
bottom (Al0.3Ga0.66Mn0.04)As layer is strongly suppressed until
the top (Ga0.94Mn0.06)As layer is completely removed and the
(Al0.3Ga0.66Mn0.04)As layer surface is exposed. The top
(Ga0.94Mn0.06)As/(Al0.3Ga0.66Mn0.04)As interface and the As
deficient region in the top few nm of the (Al0.3Ga0.66Mn0.04)As
layer are the likely causes of this effect.
Figs. 2(b) and 2(d) show the projection of remnant
moment measured before and after annealing, respectively, for
a bilayer sample S2 with d¼ 1 nm. Before annealing the curves
are similar to those observed for sample S1 (d¼ 3 nm). For the
bottom (Al0.3Ga0.66Mn0.04)As layer, TC¼ 4K and there is a
perpendicular magnetic easy axis. For the top (Ga0.94Mn0.06)As
layer, TC¼ 36K. However the easy axis is along the [1–10]
direction. After annealing there are clear differences between
the two samples. For sample S2 the component of the magnet-
ization along the [001] direction is negligible after annealing,
and the component along the [1–10] direction shows two clear
transitions as a function of temperature. The first transition
occurs at 37K and the second at 93K. This behavior can be
explained on the basis that the interstitial Mn ions are removed
from both of the layers in the heterostructure during the anneal-
ing. The first transition corresponds to TC of the bottom
(Al0.3Ga0.66Mn0.04)As layer and the second transition corre-
sponds to TC of the top (Ga0.94Mn0.06)As layer. The bottom
(Al0.3Ga0.66Mn0.04)As layer has a lower TC than the control
sample because it has lower Mn concentration. Both of the
layers now have the in-plane magnetic easy axis, similar to the
annealed (Ga,Mn)As and (Al,Ga,Mn)As single layers.
We have studied 6 samples from 6 separate wafers with
d in the range 3 nm to 3 nm (Table I). After annealing, the
characteristics of the measured remnant moment fall into
two categories. Either a large moment remains along the
[001] direction and a single transition is observed in the in-
plane direction, indicating a suppression of the interstitial
Mn out-diffusion from the bottom layer, as for samples S1,
S3, and S5 or the moment along the [001] direction dimin-
ishes and two distinct transitions are observed in the magnet-
ization in the plane, indicating that interstitial Mn can out-
diffuse from the bottom layer, as for samples S2, S4, and S6.
The suppression of interstitial Mn out-diffusion from the bot-
tom layer is only found to occur for samples with d  2 nm.
In order to characterize the influence of d on the struc-
ture of the buried interface, x-ray reflectivity (XRR) meas-
urements were performed on the six samples before and after
annealing using an X’Pert materials research diffractometer
system. Figs. 4(a) and 4(b) show the XRR specular scan data
of annealed samples S1 and S2, respectively.
The data have been simulated by using PANalytical
X’Pert Reflectivity (Version 1.1) software. This program
FIG. 3. Projection of the temperature de-
pendent remnant moment after 1000Oe
field cool for bilayer sample S1
(d¼ 3 nm) after 1st, 3rd, 5th, 7th etch
and anneal steps.
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makes use of the Parratt formalism for reflectivity,30 and the
approach used is detailed in Refs. 31 and 32. A model in
which the sample contains five layers was used. The bottom
layer is the GaAs substrate plus the buffer layer, the top is a
few nanometer oxidized surface, and between them are the
(Al,Ga,Mn)As layer, an As deficient (Al,Ga,Mn)As layer, and
the (Ga,Mn)As layer. Each layer has different parameters for
material density, layer thickness, and surface or interface-
roughness (root mean squared roughness (RRMS)), which
means there are 15 parameters for the simulation. It is prefera-
ble to reduce the number of parameters for this multi-
parameter simulation. Because the substrate (buffer layer) is a
TABLE I. The TC and anisotropy of the individual layers determined for 6 samples before and after annealing and also the (Ga,Mn)As/(Al,Ga,Mn)As interface
structure obtained by x-ray reflectivity.
Sample No. S4 S2 S6 S5 S1 S3
Nominal d(nm) deduced from the growth time 3 1 1–2 2 3 3
(Ga,Mn)As As-grown TC (K) 446 1 376 1 426 1 516 1 496 1 546 1
Anisotropy
easy axis In plane (major: [1–10]) In plane (major: [110])
Annealed TC (K) 1016 1 936 1 1106 1 926 1 966 1 1226 1
Anisotropy
easy axis [1–10] [110]
Interface As-grown d0 (nm) from XRR \ 1.106 0.05 1.256 0.05 2.056 0.1 2.96 0.2 2.96 0.1
Interface
roughness (nm) \ 0.1 (<0.3) 0.15 (<0.2) 0.56 0.1 0.456 0.1 0.56 0.1
Annealed d0 (nm) from XRR \ 1.256 0.1 1.256 0.1 2.56 0.1 3.36 0.1 2.86 0.1
Interface
roughness (nm) \ 0.2 (<0.3) 0.1 (<0.3) 0.56 0.1 0.46 0.1 0.66 0.1
(Al,Ga,Mn) As As-grown TC (K) 36 1 46 1 36 1 36 1 56 1 56 1
Anisotropy easy axis Out of plane [001]
Annealed TC (K) 406 1 366 1 446 1 106 1 176 1 66 1
Anisotropy
easy axis In plane (major: [1–10]) Out of plane [001]
FIG. 4. X-ray reflectivity (XRR) data and simulation results for the annealed bilayer samples (a) S1 with d¼ 3 nm and (b) S2 with d¼ 1 nm; TC of the bottom
(Al0.3Ga0.66Mn0.04)As layer for 5 annealed samples shown as a function of (c) interface-roughness between (Ga,Mn)As and As-deficient (Al,Ga,Mn)As layers,
and (d) thickness d0 of As deficient region as determined by XRR. Circles and squares are for (Al,Ga,Mn)As layers with in-plane and out-of-plane magnetic
easy axes, respectively.
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high quality GaAs single crystal, all the parameters of this
layer can be fixed to constant values. Due to the high quality
epitaxy growth, it should have a smooth interface between the
As normal and As deficient (Al,Ga,Mn)As layer, which means
the roughness of this interface should be close to zero. This
has been proved by the simulation results which show the val-
ues of roughness at this interface are less than 0.1 nm (within
the precision of XRR measurement) for all the samples.
The simulation shows similarly good fitting for most of
samples except sample S4 with d¼3nm. The reason could be
that the (Ga,Mn)As layer containing excess As has a more com-
plicated structure than other samples. The simulation results for
the XRR measurements of the remaining 5 samples are shown
in Table I. As shown in Fig. 4(c), there is a clear trend between
the roughness of the interface between (Ga,Mn)As and
(Al,Ga,Mn)As layers, and the TC of the bottom layer for the
annealed samples. In particular, suppression of interstitial Mn
out-diffusion occurs when the interface-roughness is larger than
a monolayer (0.3nm). A roughening of the growth surface
under As-deficient conditions is known to occur for GaAs as
well as (Ga,Mn)As (Ref. 33) and may be related to the formation
of deep-level defects (e.g., GaAs anti-sites, Ga interstitials, or As
vacancies) and Ga droplets which may become energetically
favorable when there is a deficit of As. Such defects may form
an electrostatic barrier close to the interface, opposing the diffu-
sion of interstitial Mn and reducing TC. This may explain why
the TC of the (Al,Ga,Mn)As layer after annealing is strongly cor-
related with the (Ga,Mn)As/(Al,Ga,Mn)As interface-roughness.
For the two films with the highest value of d0 (the thickness
of As deficient (Al,Ga,Mn)As layer from XRR measurement),
the uniaxial easy axis of the (Ga0.94Mn0.06)As layer lies along
the [110] axis. This is in contrast to the control sample as well
as the bilayer films with d0< 2.5 nm, for which the easy direc-
tion is along [1–10]. Although the origin of the uniaxial compo-
nent of the anisotropy is uncertain, it has been suggested that it
arises due to the direction of As bonds at the growth surface.34
It may therefore be inferred that growing with a significant defi-
ciency of As at the interface affects the surface reconstruction
and thus the incorporation of Mn, in such a way that the [110]
becomes the preferred easy axis direction. This behavior is also
observed in Co50Fe50 grown on n-type GaAs.
35
Our results show that the out-diffusion of interstitial Mn
in ferromagnetic semiconductor bilayer films can be sup-
pressed by reducing the As flux in the interface region during
growth. In this way, it may be possible to tailor the magnetic
properties of adjacent magnetic layers such that there are
large differences in TC and magnetic anisotropy. This will be
useful for growing heterostructures with desired magnetic
properties for studies of interlayer magnetotransport phe-
nomena, such as TMR, TAMR, and STT.
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